We examine the role of water and urea in cellulose solubility in tetrabutylammonium hydroxide (TBAH).
Introduction
Cellulose, the main structural component of plant cell walls, is the most abundant organic polymer on Earth. As such, it is a largely underutilized, renewable alternative to petroleum for the production of fuels, chemicals, and materials. [1] [2] [3] Much of this underutilization stems from its strong resistance to both dissolution and enzymatic deconstruction, collectively referred to as biomass recalcitrance. 4 At room temperature, cellulose is insoluble in water as well as most organic solvents and those in current use are toxic, generate hazardous vapor, are costly, lack thermal stability, are highly volatile, are difficult to recover, or require labor-intensive pretreatment and long stirring periods. 5, 6 A number of ionic liquids (ILs) having a high cellulose-dissolving capacity have been discovered in recent years. 7, 8 These ILs commonly include cations incorporating imidazolium, [9] [10] [11] pyrolidinium, [12] [13] [14] [15] quaternary ammonium and phosphonium, 14 and superbase cations 16, 17 paired with anions such as carboxylates, dialkyl phosphates, chloride, and hydroxide, which have high hydrogen bond basicities. 6, 16, 18 All of these, however, suffer from limitations such as high cost, high viscosity, ineffectiveness in the presence of trace water, [19] [20] [21] [22] low chemical and thermal stability, and energy intensive recovery. Nevertheless, there have been notable improvements made in ILs for cellulose dissolution in the past few years and likely more to be made due to the tunable nature of these solvents. One notable improvement has been the development of [DBNH] OAc, an IL that has a high capacity for dissolving cellulose, favorable rheological properties for spinning processes, and a more facile recovery. 23 Another promising solvent class is quaternary onium hydroxides. Both tetrabutylammonium hydroxide (TBAH) and tetrabutylphosphonium hydroxide (TBPH) have been shown to rapidly dissolve up to 20 wt% cellulose at room temperature. 24, 25 Furthermore, these solvents function in the presence of large amounts of water, nearly half by weight, and have hygroscopic points near the optimal composition for solubility. 26 Studies of these systems have shown that [TBA] + preferentially solvates cellulose and that the cation's hydrophobicity promotes dissolution. 27, 28 Additionally, the addition of urea to aqueous TBAH systems has been found to promote dissolution under certain conditions. 29 It was concluded that the main role of urea in these systems is to adjust the solvent amphiphilicity, which would enhance interactions with amphiphilic cellulose.
Urea and thiourea have also been found to promote cellulose dissolution in aqueous alkaline hydroxides. 30 Interestingly, solubility only occurs at very low temperatures (<10 C) following a freeze/thaw procedure. The authors determined that both NaOH and urea form hydrates that are integral to dissolution. 31 Specically, it was concluded that NaOH hydrates interact directly with cellulose, forming an inclusion complex while the urea hydrates remain away from cellulose, preventing agglomeration. This indirect role of urea was further noted in a recent study looking at dissolution and gelation in cellulose solutions, where it was surmised that the primary role of urea is to weaken hydrophobic interactions. 32 This same conclusion was also reached regarding urea's promotion of solubility in aqueous solutions of amino acids and proteins. [33] [34] [35] Interestingly, urea has been shown to concentrate at cellulose surfaces in solutions of pure aqueous urea. 36, 37 Though similar in structure to alkaline hydroxides, it is unclear if urea plays a similar role in aqueous TBAH solutions, especially considering dissolution in the latter occurs near room temperature.
A number of factors are frequently referenced as being important for cellulose dissolution. This includes solvents that are capable of disrupting cellulose's dense hydrogen bond network, 38 that weaken hydrophobic forces between the sheets of cellulose bundles, 39, 40 and that have an optimal density. 41 Likely, all of these factors are important as suggested by molecular dynamics studies showing that effective cellulose solvents must be versatile. 42 MD studies have generally concluded that the hydrophobic cations interact via van der Waals forces with the nonpolar backbone of cellulose while the anion, which is typically polar, form strong hydrogen bonds with cellulose's hydroxyl groups. [43] [44] [45] [46] [47] More recently, it's been suggested that cellulose ionization may contribute to solubility in alkaline solutions. 48 This renewed interest has been driven by electrophoretic NMR results showing that cellobiose acts as an acid and undergoes two dissociation states at a pH of 12 and 13.5. 49 These results were further supported by MD results showing that ionization of the cellulose prevents agglomeration. While the study herein does not include the effects of ionization, it is expected that they would only further enhance solubility.
The goal of this work is to elucidate the physical origin of cellulose solubility in TBAH/urea(aq) ( Fig. 1 ). More specically, we wish to distinguish the role of water and urea in this process. Molecular dynamics (MD) simulations were performed for different compositions of IL, water, and urea with a xed fraction of cellulose. The free energy of dissolution was calculated for each composition, indicating whether or not the xed fraction of cellulose should, in fact, dissolve. To validate the predictions, solubility experiments were conducted for a subset of the compositions. It was found that the compositions dissolving the largest amounts of cellulose in the experiments also had the most negative free energy values as determined by simulation. This comparison provides condence that the simulations accurately capture the physical phenomena and that the subsequent interpretation of the breakdown in the thermodynamic driving forces is solid. A better understanding of the physical origins of cellulose solubility in these systems should help in the identication of new solvents that are more effective, more environmentally benign, and lower in cost than those currently in use.
Methods

Thermodynamic considerations
The spontaneity of dissolution is determined by the sign of the change in Gibbs free energy:
This quantity is dictated by a combination of enthalpic and entropic terms. Note that negative changes in the enthalpy and positive changes in the entropy favor dissolution, however solubility is ultimately determined as the delicate balance between these two terms. When cellulose dissolves in a good solvent for example, the existing network of hydrogen bonds within a crystalline bundle must be broken. This corresponds to a large positive change in the enthalpy. To overcome this and edge towards solubility, it would be benecial if the solvent was able to form stronger hydrogen bonds with cellulose that outweigh this positive change from breaking apart the bundle. Additionally, when cellulose dissolves, the unbound chains typically gather additional translational, rotational, vibrational, and conformational degrees of freedom that leads to a large positive change in the entropy. At the same time, the solvent may form new hydrogen bonds with cellulose, losing translational and rotational freedom in the process that would correspond to a loss in entropy. Of course, this is only part of the story. For strongly self-associating solvents like ionic liquids or those capable of forming hydrogen bonds there can be a large enthalpic penalty associated with separating associated pairs and forming new hydrogen bonds or strong interactions with cellulose. Furthermore, the changes in the local structure can further inuence the overall changes in the entropy. Water, for example, avoids interaction with the nonpolar backbone of cellulose, instead forming strongly associative cage-like structures at these interfaces, losing signicant entropy in the process. It is the combination of all of these effects that determines the sign of DG and whether or not cellulose will dissolve and to what extent. We note here that a number of computational studies only consider the dissolved state of cellulose and in doing so overlook some of these more complicated solvent effects. The two-state method employed in this study should provide a complete view of the important factors that inuence solubility.
Modeling
Explicit, all-atom MD simulations were performed with LAMMPS. 50 [TBA] + and urea were modeled using the General AMBER Force Field (GAFF). 51 Hydroxide was modeled using the recent set of parameters developed by Bonthuis. 52 This model was chosen because it was optimized to accurately reproduce hydration free energies, which is likely important for the thermodynamic calculations of this study. One drawback is that this is a single point model that does not explicitly account for the hydrogen atom. The effect of this is that hydroxide can only participate as a hydrogen bond acceptor and not as a donor. The SPC/E model 53 was selected for water, since it was used in the parameterization of the hydroxide model. GLYCAM06 (ref. 54 ) was used to model cellulose. The cellulose Ib polymorph was used as the crystalline bundle, as this is the primary structure found in plants. This structure was taken from the crystallographic data determined via X-ray and neutron diffraction. 55 The bond lengths in hydroxide and water, and the water angle were held rigid using SHAKE. 56, 57 
Simulation details
Initial congurations for the simulations were prepared with PACKMOL. 58 Specied amounts of each substance were packed into simulation boxes of predetermined size. A detailed makeup of these compositions is given in Table 1 . The box length in the z direction was 41.52Å, which corresponds to the length of the cellulose strand composed of 8 anhydroglucose units (AGU). The box lengths in the x and y directions were identical and set by the predetermined box volume, which was estimated assuming ideal mixing. Each of the cellulose strands were connected to themselves through the periodic boundaries in the z direction, allowing us to approximate semi-innite chains and bundles as shown in Fig. 2 . When packing the solvent molecules, a buffer zone of 1Å was used along all of the periodic faces to prevent atomic overlaps through the periodic boundaries. Because the cellulose chains are connected through the periodic boundaries, which are predetermined by the strand length, they were present in this buffer zone. For all of the compositions, the box lengths in the x and y directions were roughly 100Å, and the simulations consisted of around 40 000 atoms. A spring force with a stiffness constant of 10 kcal mol À1 A À2 was used to tether the C1 atoms of one AGU in each of the strands. This prevented the crystalline bundle from dissolving and the dissolved state from agglomerating, ensuring that the free energy difference that is measured is strictly between the idealized crystalline and dissolved states. Effectively, these tethers restrain the entropy of cellulose, which must be recovered through an additional corrective term. This additional term accounts for this missing entropy of the strands and bundles by treating them as translating and rotating rigid rods. 59, 60 As noted earlier, if the Gibbs free energy difference between the dissolved and the crystalline state is positive the crystalline state is favored and dissolution should not occur if the tethers were to be released. Conversely, if the Gibbs free energy difference is negative, then dissolution should occur. 486  4866  0  2  10  40  17  450  4320  259  3  10  40  25  429  4117  412  4  10  40  33  405  3888  583  5  10  40  40  384  3683  737  6  10  40  55  328  3149  1137  7  10  60  0  324  6999  0  8  10  60  17  289  6249  375  9  10  60  25  270  5832  583  10  10  60  33  249  5384  807  11  10  60  40  231  4999  1000  12  10  60  55  188  4063 A cutoff of 12Å was used for all nonbonded interactions. Long-range electrostatic interactions were calculated using the PPPM 61 algorithm with an accuracy of 10 À5 kcal mol À1ÅÀ1 . Initially, the positions of all of the cellulose atoms were frozen in place. To minimize large forces resulting from packing, the solvent was equilibrated for 10 000 timesteps of 0.1 fs in the NVT ensemble at 300 K using a Nosé-Hoover thermostat with a thermocouple of 100 fs. 62 The timestep was then increased to 1 fs and the solvent further equilibrated for 1 ns in the same ensemble and conditions. Following solvent equilibration the cellulose was unfrozen, the velocities of all atoms rescaled to a temperature of 0.1 K, and the entire system slowly heated from 0.1 K to 300 K in the NVT ensemble over the course of 1 ns. The entire system was equilibrated another 8 ns in the NPT ensemble at 300 K and 1 bar using a Nosé-Hoover thermostat with a thermocouple of 100 fs and barostat with a barocouple of 1000 fs. 62 The x and y box dimensions were coupled and the z box dimensions scaled independently of the other two dimensions. A production run of 10 ns was then run under the identical conditions of the previous 8 ns run. Atomic trajectories were written every 20 ps and thermodynamic data every 100 fs.
Hydrogen bond analysis
Hydrogen bonds between cellulose, hydroxide, water, and urea were found for selected simulations using a set of geometric criteria. 63 For the hydrogen bond O D -H/O A , where O D is the donor oxygen, H the donor hydrogen, and O A the accepting oxygen, this criteria requires that the distance between O D and O A be less than 3.5Å that the distance between H and O A be less than 2.45Å, and that the H-O D -O A angle be less than 30 . These criteria have been used in numerous studies to look at hydrogen bond dynamics in aqueous systems. [64] [65] [66] [67] [68] As noted earlier, the hydroxide model used in this study, which was chosen uniquely for its ability to capture the thermodynamics of solvation, does not contain an explicit hydrogen atom. Therefore, this hydroxide model is only capable of accepting hydrogen bonds and these H-bond results should be interpreted with care.
Two-phase thermodynamic method
The two-phase thermodynamic method (2PT) 69, 70 can be used to estimate entropy for MD simulations. This has been implemented successfully to estimate standard molar entropies and heat capacities of common liquid-phase solvents. 71 The following is a summary of how it is applied in this study, with more details in the ESI. † First, the velocity of each atom consists of translational, rotational, and vibrational modes:
Classical mechanics can be used to easily obtain v trn i and v rot i . The quantity v vib i can be found by subtracting the translational and rotational components from the total velocity. Each atom has a velocity autocorrelation function for each mode k:
with correlation time t. The mass-weighted autocorrelation function is obtained for each mode. The density of states is found by applying a Fourier transform F and correct weighting:
with Boltzmann's constant k B , temperature T, number of total atoms N, and mass m i of atom i. A procedure is then used to divide the density of states into gas-like and solid-like components, then weight it by the exact solutions for the entropy of an ideal gas and that of a harmonic oscillator, respectively. Integration is used to obtain the entropy for each mode in either of the phases:
with x the gas or solid component. As mentioned earlier, the crystalline bundle and oligomers were treated as translating and rotating rigid rods for an additional correction that properly accounts for the entropy lost due to tethering.
To implement this method, short high denition trajectories were produced at intermittent points throughout the production run. For each trajectory, the positions and velocities of all atoms were recorded with a frequency of 4 fs for a duration of 20 ps. A total of 100 independent trajectories were analyzed for each state and composition. This spanned the 10 ns production run at an interval of 0.1 ns. This large number of independent trajectories was necessary to obtain an estimate of the mean entropy with a low uncertainty.
Solubility experiments
Previous experiments looking at cellulose solubility in TBAH studied the inuence of water concentration on the solubility limit. 25, 72 Solubility experiments with TBAH/urea mixtures reported solution turbidities as a function of urea concentration for a xed amount of cellulose. Few quantitative measurements relating cellulose solubility with urea content in TBAH solutions are available. This data is useful for validation of our calculations, therefore we performed our own set of dissolution experiments in a manner similar to that of others. TBAH 30-hydrate (>98.0%) was provided by Sigma-Aldrich. Water was evaporated from the sample at 30 C, which was then tested for water content using Karl Fischer titration. 18 MU millipore water was then re-added to the samples to bring them exactly to 60 wt% water. Urea (99.0%) was provided by ACROS Organics™. Urea pellets were crushed in a small mortar and pestle to allow for precisely controlled addition of urea to the solvent mixture. Microcrystalline cellulose having an average particle size of 90 mm was provided by ACROS Organics™ and served as the cellulose in the dissolution experiments.
The cellulose was dried overnight in a vacuum oven prior to use. For the solubility experiments, two grams of TBAH containing 60 wt% water was rst added to a jacketed cell. Next, a specied amount of crushed urea was added. Cellulose was added to the TBAH/urea mixture in increments of 2.5 wt% and allowed to dissolve, typically on the order of a few hours. The temperature within the cell was maintained at 25 C via temperature controlled uid owing through the jacketed cell. The samples were stirred with a cylindrical stir bar with a serrated top. Solubility was determined visually and was readily apparent from the turbidity of the solution. If the sample was clear more cellulose was incrementally added until the solution became turbid.
We note that the solubility of small quantities of cellulose was accompanied by a color change of the solution from clear to pale yellow. At higher cellulose concentrations the color became a dark amber, however cellulose could still be regenerated through the addition of excess water.
Results and discussion
Experimental validation
It is rst important to determine how well the molecular models and simulation methods are able to capture the actual thermodynamic driving forces. To do so, the maximum experimental solubility is compared with the calculated values of DG for selected systems of this study. Abe reported maximum solubilities in TBAH between 30 wt% and 60 wt% water at room temperature. Wei reported solution turbidities of TBAH/urea mixtures with a xed cellulose amount and a variable concentration of urea, nding that 7 wt% of cellulose can be dissolved in 17 wt% urea. Due to the lack of solubility data that is available for TBAH/urea mixtures, four additional measurements were performed in this study. Each measurement was made with TBAH with 40 wt% water and 0, 17, 25, and 40 wt% urea. A comparison of the experimental solubilities with the calculated DG values from the two-state simulations is given in Fig. 3 .
There is a clear trend between the two, indicating a good t between simulation and experiment. Furthermore, both are in agreement with the most soluble solvent composition and the least soluble solvent composition; 40 wt% water with no urea and 60 wt% water with no urea, respectively. Note that the trend does not intersect with the origin. As noted earlier, the translational and rotational entropy of cellulose upon dissolution is underestimated because of the tethering restraints. This, however, is corrected for by treating the strands and bundle as translating and rotating rigid rods. The connection of the bonds through the periodic boundaries, conversely, effectively prevents conformational exibility and is not corrected for. It has been shown that some ILs can increase the conformational exibility of cellulose by disrupting intrastrand hydrogen bonding. 73, 74 It is believed that this slight underestimation of DG is a result of this additional conformational exibility that is not accounted for.
Gibbs free energy
The enthalpy change for our conditions is dened as:
and can be easily computed as the difference in the average enthalpy of the two states, a direct output of each respective simulation. It combines changes in the internal energy with the work associated with a change in system volume. The instantaneous enthalpy of a given conguration at a given moment in time is a combination of the instantaneous energy and the product of the instantaneous pressure and the instantaneous volume. In an NPT simulation, all three of these quantities uctuate giving a series of instantaneous enthalpies throughout the production run. These values are then averaged, the standard uncertainties calculated and the two subtracted from one another to obtain the enthalpy change. The uncertainty on this change is then calculated via error propagation. Precise details of these calculations are provided in the ESI. † The entropy was determined using the 2PT method. Since the entropy and enthalpy are coupled and the entropy was determined for each of the short 20 ps trajectories, we also used the average enthalpy from each of these short trajectories to construct the corresponding Gibbs free energy. The mean values and uncertainties were then calculated from the 100 trajectories for each state and the difference between the two state determined. These values are displayed in Fig. 4 . This gure also shows the enthalpic (DH) and entropic (ÀTDS) contributions to DG for each of the simulations.
Note that the simulations with only 40 wt% water and low urea content have the largest negative free energy differences. This indicates the highest driving force for dissolution and is composed equally of enthalpic and entropic contributions. At 40 wt% urea the enthalpic contribution drops off signicantly and becomes negligible at 55 wt%. This indicates that the addition of urea at this water concentration has a negligible effect on dissolution at low concentrations and a detrimental effect at high concentrations.
Comparing the 40 wt% water simulation without urea with the 60 wt% water simulation without urea shows that the addition of water has an inhibitory effect on dissolution. Moreover, this gure shows that this is brought about by signicant increases is the both the enthalpic and entropic terms. As urea is added to the 60 wt% water simulation however, 
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dissolution becomes more favorable. At lower urea concentrations this is brought about by a strengthening of the entropic term and at 40 and 55 wt% urea a slight strengthening of the enthalpic term. In all of the dissolution experiments it was found that the compositions containing 60 wt% water and 17 wt% or more urea were capable of dissolving at least 10 wt% cellulose. Without urea, these solvents were only capable of dissolving 1 wt% cellulose. Therefore, the simulations suggest that the addition of urea to the solvent containing 60 wt% water enhances solubility entropically. In the next few sections, we break down the enthalpic and entropic terms to better understand the precise reasons for this.
Component energy & entropy changes
The change in internal energy is dened as
in which U pair is the total pairwise interaction energy and U mol is the total molecular energy. It was found that the largest contribution to the change in enthalpy originates from the internal energy term. Even more, the primary contribution to the internal energy term are changes to the pairwise interaction energy. Conveniently, these pairwise contributions can be easily tallied throughout a simulation and provide a detailed account of the environmental changes that take place in a system. To this end, pairwise interaction energies were calculated between the different components: cellulose (CEL), cations (CAT), hydroxide (HOX), water (HOH), and urea (URE). Furthermore, the 2PT method for calculating entropy divides up the contributions from each of the components and even into translational, rotational, and vibrational components. The component interaction energy and entropy changes for the simulation with 40 wt% water and no urea can be considered representative of all of the simulations that were conducted. These changes can be found in Fig. 5 . The three largest changes in the interaction energy involve ion attraction and repulsion. These include changes in ion self-interactions, which are both favorable, and cation-anion interactions, which are unfavorable. This agrees with our earlier depiction of the thermodynamic considerations of dissolution, in which strongly self-associating ion pairs must be broken apart before they can reform with cellulose. Additionally, this shows that the cationcation and hydroxide-hydroxide repulsions are reduced by this separation, which partially counteracts the energy required to break the pairs apart.
The next largest change is in the hydroxide-water interaction. Prior to dissolution, it was found that the hydroxide ions reside in a hydrated state. In order for hydroxide to form new hydrogen bonds with the hydroxyl groups of cellulose hydroxide must rst be separated from the water, which is unfavorable. This energy penalty, however, is almost completely recovered by the formation of these strong hydroxide-cellulose bonds, which is the third largest change in interaction energy. Also note that there is a new favorable interaction between the cation and cellulose upon dissolution, though this is a third of the anioncellulose energy. This reects the anions strong hydrogen bond accepting ability. Additionally, as water is separated from the hydroxide ions they form new self-associations with a signicant strength. Finally, note that the sum of these large swings in each interaction are what lead to an overall negative interaction change, favoring dissolution. Component entropy changes are also shown in Fig. 5 . Here the entropy change is dominated by cellulose and consists almost exclusively of the rigid rod correction. This means that the dominant effect on the overall increase in entropy is the liberation of free cellulose chains. Also note that all of the components of the solvent lose entropy on dissolution and that there is a substantial change in the entropy of mixing that further favors dissolution. In the next few sections we take an in-depth look at the changes in dissolution favorability that is brought about by changes in water and urea concentration.
Hydrogen bonding
The changes in the number of hydrogen bonds upon dissolution are given for selected compositions in Table 2 . Note that none of the compositions show a signicant increase in the number of hydrogen bonds, which might favor dissolution. Even the TBAH with 40 wt% water and no urea only gains 0.04 hydrogen bonds per AGU. If these changes were to be weighted by the average strength of each H-bond type, it is possible that some of these would results in enthalpy changes that favor dissolution. Table 2 also shows that higher urea contents equate with larger losses in hydrogen bonds. For the simulations with 60 wt% water, weighting by the average energy of H-bond types is unlikely to result in a favorable enthalpy change caused by hydrogen bonding. Thus, an attempt to understand dissolution favorability from hydrogen bonding alone is inconclusive. A further breakdown of hydrogen bonding can be found in Tables S4 and S5 of the ESI. †
The effect of water
Both the experimental measurements and the calculated Gibbs free energy changes showed that TBAH with 40 wt% water is able to dissolve signicantly more cellulose than TBAH with 60 wt% water (see Fig. 3 ). Comparing the enthalpic and entropic contributions of the two (Fig. 2) , it is apparent that both terms are signicantly weaker for TBAH with 60 wt% water. Focusing rst on this enthalpic difference, we can look at the difference in the change of the pairwise interaction energy, DDU pair , between TBAH with 40 wt% water and TBAH with 60 wt% water. These values are given in Table 3 . This table provides a breakdown of all of the contributions grouped at various resolutions. The far right, or lowest resolution, shows that the overall Table 3 The difference in the change of the pairwise interaction energy upon dissolution (DDU pair ), given in kcal per mol per AGU, between TBAH with 40 wt% water and TBAH with 60 wt% water. The interactions are grouped into five different resolutions. Interactions at the higher resolutions combine to form the merged cells at the lower resolutions. Abbreviations represent (CAT) cations, (HOX) hydroxide, (URE) urea, (HOH) water, (CEL) cellulose, (IL) ionic liquid, (MOL) molecular/IL mixture, (AQ) aqueous/molecular/IL mixture, and (Total) all of the components. Interactions with urea have been included for comparison with additional tables (Tables S1-S3) provided in the ESI difference in the change is a positive value of 1.7 kcal per mol per AGU. This is the majority of the roughly 2.3 kcal per mol per AGU difference in the enthalpies (i.e. the green bars at the far le of both entries in Fig. 4) . At medium resolution, we see that the AQ-CEL contributions (i.e. the interactions of the IL, urea, and water with cellulose) are what contribute the most to this unfavorable change in the driving force for dissolution. If we follow this contribution back to the highest resolution at the far le, we see that [TBA] + (+2.2 kcal per mol per AGU) and hydroxide (+9.4 kcal per mol per AGU) are pushed off of cellulose and partially replaced by new water-cellulose (À9.3 kcal per mol per AGU) interactions. Interestingly, the lost HOX-CEL interactions are almost fully recovered by the HOH-CEL interactions, but there is still a signicant loss from lost CAT-CEL interactions. Therefore, the presence of water clusters along the equatorial plane of cellulose may be large enough to obstruct the large hydrophobic cation from optimal alignment with cellulose's nonpolar backbone to the extent that it was beforehand. Fig. 4 also shows that there is a substantial loss in entropy (an increase in ÀTDS)at the higher water concentration. The change in entropy for each component between these two compositions is given in Fig. 6 . This gure shows that most of this drop in entropy originates from both the mixing term and water, in roughly equal parts. A hallmark of the hydrophobic effect is a large loss in water entropy at the hydrophobic interface. It is unclear whether or not the loss in entropy here occurs at the cellulose interface or rather in the bulk solvent due to the redistribution of solvent molecules upon dissolution.
The effect of urea
The addition of urea to TBAH with 40 wt% water has a limited effect at concentrations below 33 wt% and a detrimental effect on solubility at higher concentrations. From 30 to 40 wt% urea there is a steep drop off in the strength of the enthalpic contribution, which would cause a drop in solubility. The breakdown in the pairwise interaction changes between these two compositions (see Table S3 of the ESI †) shows this is almost exclusively caused by an unfavorable change in the hydroxide-water interaction energy. This change is one part of a large shi in all of the solvent-solvent interactions, the remainder of which cannot compensate for the loss in hydroxide-water interactions. At these high concentrations it's quite possible that urea begins to act as a chaotrope, preventing water from properly solvating the hydroxide ions.
The addition of urea to TBAH with 60 wt% water continues to enhance solubility up to a concentration of 40 wt% urea. At low urea concentrations this enhancement is driven by an increase in entropy. The largest effect is seen between 0 wt% urea with 33 wt% urea where the enthalpic contributions strengthens very modestly and the entropic contribution nearly doubles. The change in the pairwise interaction energy between these two states is shown in Fig. 7 . The inset of this gure shows that the DDU pair , essentially the difference due to composition of the change in the interaction energy upon dissolution, is quite smallonly 0.6 kcal per mol per AGU. This agrees with our earlier assessment that the enthalpic difference does not play a large role. Also note that this is driven by large redistributions in the interactions of all of the components. The changes in the component entropy are provided in Fig. 8 . Here one sees a very large increase in the total entropy of the system at 33 wt% urea. Further, this results from increases in both the entropy of mixing and the entropy of the IL. Urea loses entropy in the process but the overall net effect is a strong increase in the overall entropy. In the next section we look at the changes in solvent structure that accompanies this entropic increase.
Changes in solvent structure
To understand how the addition of urea inuences the local environment around cellulose, two-dimensional histogram plots of the spatial positions of selected atoms around the axis of cellulose were constructed. These are displayed for TBAH with 60 wt% water, both with and without urea, in Fig. 9 . Without urea, the cation is skewed relative to the anhydroglucose plane, residing near the methylhydroxyl side of the AGU but generally above and below the plane. With urea, the density of cations within the rst solvation shell is signicantly reduced and partially shis outward. Additionally, the added urea resides preferentially almost directly above and below the plane along the hydrophobic face of cellulose.
To further illustrate the structural changes taking places near cellulose, we constructed pairwise radial distribution functions. These functions were constructed to show the locations of the cations (N atoms) and urea (central C atom) relative to cellulose (backbone atoms). These plots are given in Fig. 10 .
Ordinarily, the job of [TBA] + is to interact with the hydrophobic backbone of cellulose. Due to its large size and ensuing degrees of freedom however, it loses substantial congurational entropy. When urea is added it is able to replace [TBA] + in these areas, losing less entropy in the process. Moreover, urea forms roughly 1 H-bond per AGU with dissolved cellulose, replacing some of the OH-cellulose bonds.
Conclusions
A series of two-state simulations were carried out at different solvent compositions with cellulose xed in each of the crystalline and dissolved states. For each composition the Gibbs free energy of dissolution was calculated from the enthalpic and entropic differences between the two states. Additionally, solubility experiments were performed for selected compositions of TBAH, water, and urea as an additional means for comparison. We found that the calculated Gibbs free energy change is inversely related to the maximum reported solubility a given composition as one might expect. Thus the two-state method is able to accurately predict cellulose solubility for these aqueous TBAH/urea systems.
A breakdown of the enthalpic and entropic contributions to the free energy changes were able to provide a molecular-level explanation for solubility. It was found that the addition of too much water, in excess of 60 wt%, inhibits solubility primarily through a reduction in the enthalpy of dissolution. Furthermore, some of the ions that interact with cellulose are replaced by water-cellulose interactions. Interestingly, water is able to recover most of the energy from the displacement of hydroxide; however the cation energy cannot be recovered. Thus, water clusters along the equatorial plane of cellulose may be large enough to preclude optimal alignment of large hydrophobic cations with the nonpolar backbone of cellulose.
If urea is added in signicant amounts to TBAH at 60 wt% water, cellulose becomes soluble. A breakdown of the contributions to the free energy showed that this was primarily an Fig. 9 Spatial occurrence relative to the cross section of a dissolved cellulose strand for (left) cations in the 60 wt% IL, 00 wt% urea simulation, (middle) cations in the 60 wt% IL, 33 wt% urea simulation, and (right) urea in the 60 wt% IL, 33 wt% urea simulation. Occurrence values refer to the total number of cations present at each of the locations relative to the nearest AGU, a cumulative total for all 144 AGUs. Fig. 10 Pair-pair radial distribution functions for cations-cellulose and urea-cellulose for TBAH and 60 wt% water with and without urea. The N atoms served as the center of the cation, the central C atom for urea and all backbone atoms for cellulose. entropic effect. In the absence of urea, [TBA] + interacts with the nonpolar backbone of cellulose. Due to its large size and ensuing degrees of freedom however, it loses substantial congurational entropy in the process. When urea is added it partially replaces [TBA] + along the nonpolar backbone, losing signicantly less entropy.
Thus our ndings are unlike those reported for LiOH/urea solutions. These were determined to form clathrates wherein hydrates of LiOH interact directly with cellulose. Urea, conversely, was concluded to form hydrates away from cellulose, with the primary purpose of preventing agglomeration. We nd that urea in TBAH/urea solutions interact directly with cellulose. Moreover, urea forms roughly 1 H-bond per AGU with dissolved cellulose, even replacing some of the OH À H-bonds with cellulose. Its primary mechanism for increasing solubility is by replacing [TBA] + in the interior, stemming the loss in entropy while augmenting the mixing term. Additionally, we note that the effects of cellulose ionization will be explored in a future study.
Finally, we note that many successful ILs contain small, relatively inexible ions such as DBNH, 1-ethyl-3methylimidazolium, 1-allyl-3-methylimidazolium, acetate, chloride, and hydroxide. Our study suggests that one way to boost the dissolving power of an IL is to limit the number of degrees of freedom from the outset.
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